Ultraviolet photolesions endow DNA with distinct structural and dynamic properties. Biophysical studies of photoproductcontaining DNA have shown that these lesions affect the mutagenic properties of DNA and damage recognition by DNA repair systems. Recently obtained high-resolution cocrystal structures of damaged DNA bound to either DNA polymerase or DNA repair enzymes have enriched our understanding of the mechanisms by which DNA lesions are bypassed or recognized by DNA metabolizing proteins. Here, we summarize the results of these structural studies and discuss their implications for DNA metabolism.
INTRODUCTION
One of the primary DNA-damaging agents that threatens the integrity of an organism's genome is ultraviolet (UV) radiation emitted by the sun. In order to promote error-free DNA replication, organisms have evolved intricate DNA repair systems that help to neutralize the effects of DNA-damaging agents. For example, the versatile nucleotide excision repair (NER) system reverses various kinds of DNA damage by removing the aberrant nucleotides and then carrying out DNA synthesis to fill in the resulting gap. The xeroderma pigmentosum (XP) proteins and the UvrABC complex accomplish NER in eukaryotes and Escherichia coli, respectively (1, 2) . Organisms also harbor lesion-specific DNA repair enzymes, such as the cis-syn cyclobutane pyrimidine dimer (CPD) photolyase, which repairs CPD lesions and the photolyase, which mends 3¢-pyrimidine (6-4) pyrimidone photoproducts ( photoproducts) in Escherichia coli (E. coli) (3).
Although cells possess a variety of mechanisms for renovating their DNA, some lesions do escape repair and can block the function of the DNA replication machinery. In order to overcome what would be a lethal block, DNA replication proteins may cause a mutagenic event that allows DNA synthesis to proceed, albeit in an error-prone manner. For example, E. coli has evolved a co-ordinated response to insults that challenge the integrity of the bacterial genome. This inducible system, termed the SOS response, involves the derepression of at least 42 genes whose products (1) carry out DNA repair, recombination, and mutagenesis; (2) prevent cell division and (3) accomplish translesion DNA synthesis (i.e. synthesis across nonrepaired or damaged DNA; also called bypass synthesis) (4) . DNA mutagenesis events that are induced by the SOS response constitute a DNA damage tolerance mechanism that facilitates error-prone DNA synthesis across a lesion. This so-called SOS mutagenesis requires the umuDC and recA genes. One of the proteins encoded by the umuDC genes is DNA polymerase V (pol V), which effects translesion DNA synthesis. Pol V also has a role in regulating DNA damage checkpoints, which are DNA damage-induced signaling pathways that halt cell cycle progression. On the other hand, the product of the recA gene endows the cell with an increased capacity to recover from DNA damage by allowing the cellular machinery to process DNA lesions, thus enhancing cell survival. However, there is no free lunch where cellular metabolism is concerned: The cell pays for this increased survival with an elevated mutation rate that results from translesion DNA synthesis.
These biological data, along with the results of more recent structural studies of DNA that contained various UV photoproducts, have provided insights into SOS mutagenesis and DNA damage recognition carried out by systems that are influenced by the nature of the DNA lesion. Crystallographic studies have provided detailed three-dimensional (3-D) structures of damaged DNA bound to either DNA polymerases or DNA repair enzymes. These structural data, which are summarized in this review, have yielded a rich understanding of mechanisms that facilitate DNA damage recognition and the bypassing of lesions during DNA synthesis. †This invited paper is part of the Symposium-in-Print: Photobiology in Asia. *Corresponding author email: byongseok.choi@kaist.ac.kr (Byong-Seok Choi) Ó 2007 American Society for Photobiology 0031-8655/07
Photochemistry and Photobiology, 2007, 83: 187-195 CHEMICAL STRUCTURE OF DNA DAMAGED BY UV IRRADIATION UV irradiation induces several types of mutagenic DNA lesions. The two major classes of such lesions are the CPDs and the pyrimidine (6-4) pyrimidone photoproducts ( photoproducts), both of which result from irradiation by UVB (280-320 nm) or UVC (200-280 nm) rays and give rise to mutations associated with skin cancer (5) . photoproducts are characterized by a stable bond between positions 6 and 4 of two neighboring pyrimidines and appear to form preferentially at 5¢-TC and 5¢-CC sequences (6) . Upon further UVA or UVB irradiation, Dewar valence isomers are formed from the (6-4) photoproducts (7) . CPDs are formed via a cyclobutane ring that connects the 5,6 positions of any two adjacent pyrimidine bases. 5¢ -TT is the preferred sequence for CPD formation (Fig. 1) . When DNA or cells are irradiated with simulated sunlight, CPDs are formed at least 20-40 times more frequently than any other DNA photoproduct (8) . Also, the (6-4) photoproducts and Dewar isomers are repaired by the E. coli UvrABC excision nuclease complex almost nine times as rapidly as are CPDs (9) .
BASE PAIR GEOMETRY AND STACKING INTERACTIONS OF UV LESION-CONTAINING DNA: IMPLICATIONS FOR E. COLI SOS MUTAGENESIS
DNA polymerases that specialize in translesion synthesis tend to be low-fidelity (for example, pol V in E. coli and pol g in eukaryotes). When a low-fidelity bypass DNA polymerase incorporates a few single nucleotides in front of a lesion, it can incorporate either the correct nucleotide, which forms a Watson-Crick base pair with the opposing nucleotide in the complementary DNA strand, or an incorrect nucleotide, which does not form a Watson-Crick base pair. If the resulting nonWatson-Crick primer-template formed by the low-fidelity DNA polymerase is not too distorted relative to a WatsonCrick template, then the replicative DNA polymerase can resume its processing and accurate DNA synthesis across the lesion (10) . These findings imply that the bypass polymerase prefers to incorporate a nucleotide that induces less distortion to the normal B-form helix. As shown in Fig. 2a , the mis-paired nucleotide incorporated into the daughter DNA strand by the bypass polymerase gives rise to mutations in the next round of DNA replication by the replicative DNA polymerase, which uses as a template the bypass strand from the translesion synthesis event. For example, in for 5¢-TT lesion sequences, if any nucleotide other than adenine is incorporated opposite the 3¢-T of the lesion, a mutation is created during the subsequent round of DNA synthesis.
The mutagenic spectra of DNA lesions that trigger the E. coli SOS response vary with lesion type. 5¢-TT cis-syn dimers are not highly mutagenic relative to other photoproducts; only 1% of the 3¢-T residues of these CTDs are mutated to a C residue, while 5% are mutated to an A (11) (12) (13) (14) . In contrast, 5¢-TT (6-4) photoproducts are highly mutagenic; 63-91% of 5¢-TT (6-4) photoproducts yield mutations more than 93% of which are 3¢-T-to-C transitions (11, 15) . The Dewar valence isomers of the (6-4) photoproducts are less mutagenic; only 33-42% of these lesions give rise to mutations, which are of a broader range than those induced by the parent photoproducts. With the Dewar valence isomers, 20-30% of mutations are 3¢-T-to-C transitions, 10% are 3¢-T-to-A transversions, and 5% are 3¢-T-to-G transversions (11, 15) .
Taken together, these data reveal that the 3¢-T residue of a CPD directs the incorporation of an A residue, by E. coli pol V, into the opposing nascent DNA strand, whereas the same residue in a (6-4) photoproduct specifies preferential incorporation of a G residue into the opposing nascent DNA strand, a mismatch that gives rise to a 3¢-T-to-C transition (15) (16) (17) .
Several avenues of investigation have yielded results that may explain why CPDs are less mutagenic than (6-4) photoproducts, even though mutation and repair rates imply that the former lesion should persist in the DNA longer and thus has a potential to yield more mutations than the latter (if the degrees of mutagenecity induced by each lesion are comparable). NMR studies that focused on the nature of the lesion bypass outcome have shown that a CPD-containing DNA duplex that has two A residues opposite a cis-syn TT dimer (CS ⁄ AA) is not significantly distorted relative to a B-form helix (18, 19) ; in this structure, the two thymine bases in the CPD maintain their parallel stacking and base-pairing with the opposing adenine bases. Also, a crystallographic study of a double-stranded DNA dodecamer that contained a CPD revealed that the two T residues in the CPD and the two opposing A residues form two normal Watson-Crick base pairs, even though the 5¢-T and its complementary A residue had lost one hydrogen bond relative to a normal T-A base pair (20) . A comparison of the NMR structures of a CS ⁄ AA (which does not give rise to mutation) and a CS ⁄ TA-a cis-syn 3¢-TT dimer opposed by 5¢-TA-revealed that the CS ⁄ TA (which gives rise to 3¢-T-to-A mutations) structure is more distorted relative to B-form DNA than is CS ⁄ AA. The distortion occurs even though the wobble pair between the 3¢-T of the CPD and the opposite T residue is maintained in the CS ⁄ TA structure (18, 21) . This is, in part, because the 3¢-TT wobble pair is nonplanar, which disrupts proper base stacking interactions near the lesion. Another possible cause of deviation from the normal B-form structure is the altered geometry of the 3¢-TT wobble base pair, which differs significantly from normal Watson-Crick base pairing. A similar approach was used to study the CS ⁄ GA structure-a cis-syn 3¢-TT dimer opposed by 5¢-GA residues. CS ⁄ GA (which gives rise to 3¢-T-to-C mutations) also exhibited non-Watson-Crick base pairing between the 3¢-T and the 5¢-G residues, which induces a distortion in the base pair geometry (for example, the formation of unusual propeller angles) (22) .
This collection of structural data offers insight into why adenine is preferred over other nucleotides for incorporation into the nascent DNA strand opposite the 3¢-T of a CPD lesion. As Echoles and Goodman suggested (22) , an important component in the determination of the fidelity of translesion as well as normal DNA replication is the degree to which the base pair geometry of the lesion residues deviates from the geometry of the canonical Watson-Crick base pair (23) . This notion was also supported by thermodynamic studies in which UV melting curves revealed that a CPD-containing DNA duplex with an A residue opposite the 3¢-T of a cis-syn TT dimer is more stable than a mismatched DNA duplex with a G residue opposite the 3¢-T of a cis-syn TT dimer (24) .
Similar structural and thermodynamic studies have been performed with the (6-4) photoproducts. These experiments revealed that (6-4) photoproduct-containing duplexes that contain a G residue opposite the 3¢-T of the (6-4) photoproduct are more stable than those that contain an A residue in the same position (24) (25) (26) . The NMR structure of the (6-4) ⁄ AA complex-a DNA duplex that contains a 3¢-TT (6-4) photoproduct opposed by 5¢-AA residues-showed that the hydrogen bonding between the 3¢-T and the opposing 5¢-A and the base stacking between the two consecutive A residues are unfavorable, so that an interior loop structure is formed at the 3¢-T site of the (6-4) photoproducts (25) . When a G residue is substituted for an A opposite the 3¢-T of the (6-4) photoproduct, the 3¢-TG base pair is stabilized by hydrogen bonds that form between the imino and amino protons of the 5¢-G residue and the O-2 carbonyl of the 3¢-T residue. Also, base stacking between the 5¢-GA residues opposite the (6-4) photoproduct is firmly established (26) . These data reveal that physical interactions, such as hydrogen bonding, between the lesioncontaining template DNA and the incoming deoxynucleotide triphosphates (dNTPs) that form the complementary nascent DNA strand, play a crucial role in determining which kinds of dNTPs are incorporated into the site opposite the 3¢-T of the (6-4) lesion. Armed with this knowledge, the preferred incorporation of a G residue opposite the 3¢-T of a (6-4) photoproduct-which gives rise to a specific 3¢-T-to-C mutation upon translesion synthesis-makes biological sense (Fig. 2b) .
NMR solution structures of Dewar isomer-containing DNA duplexes have provided an explanation for the diverse mutagenic spectrum induced by the presence of the Dewar isomer. Thermodynamic parameters predict that pairing the 3¢-T of a Dewar isomer with a G residue is more stable than pairing the 3¢-T of the lesion with an A residue, which does not form hydrogen bonds with its complementary base. However, NMR structural data have shown that a mismatched 3¢-TG pair in the context of a Dewar isomer induces helical distortion and displays poor stacking interactions at the lesion (24, 27, 28) . Fig. 2c shows the structure of Dewar isomers with a 3¢-TG pair. These structural features imply that no conformational benefit is obtained by incorporating a G residue instead of an A opposite the 3¢-T of the Dewar lesion. These same data suggest that the incorporation of an A residue opposite the 3¢-T of the Dewar lesion is facilitated, not by potential stabilizing physical interactions, such as hydrogen bonding, but by the incorporation preference of the A residue in a noninstructional manner. In other words, the reason why adenine is inserted in the site opposite the 3¢-T of the Dewar lesion is that adenine is favored by the bypass polymerase, not selected by the base pair geometry. (27, 29) (Fig. 2b) .
WHEN DNA POLYMERASE MEETS UV-DAMAGED DNA-A CLOSER LOOK
The mutagenic features of CPDs, (6-4) photoproducts and Dewar isomers in the context of the E. coli SOS response derive from the biological properties of pol V. pol V is a member of the Y-family of DNA polymerases, which are characterized by their efficient but low-fidelity lesion-bypass replication machinery. As research on the structures of Y-family polymerases has been reviewed comprehensively elsewhere (30), we focus mainly on the structures of DNA lesions and incoming dNTPs that exist in a complex with bypass polymerases.
The 3-D crystal structure of the catalytic core of Saccharomyces cerevisiae DNA pol g, a member of the Y-family of DNA polymerases, was solved and then modeled with primertemplate DNA and an incoming dNTP (30) . Unlike the highfidelity DNA polymerases (for example, bacteriophage T7 DNA polymerase, and Taq DNA polymerase), the active site of S. cerevisiae pol g is open and does not form specific interactions with the base of the incoming dNTP or with the DNA template bases (31) .
Support for these results has been supplied by the ternary crystal structure of an intact DNA template, an incoming dNTP, and Dpo4, a Y-family polymerase from the archeal bacteria Sulfolobus solfataricus (32) . In this structure, the active site of Dpo4 could accommodate two incoming template bases, as was shown in the S. cerevisiae pol g modeling study. This relaxed template-base specificity on the part of this lowfidelity polymerase suggests potential mechanisms for the bypassing of lesions during DNA synthesis. In a subsequent study, the Yang group clarified the mechanism by which Dpo4 bypasses CPD lesions by solving the ternary crystal structure of Dpo4, a DNA template that contained a cis-syn TT dimer, and an incoming dideoxy ATP (ddATP) (33) . As expected from previous structural studies on S. cerevisiae pol g (31), Yang and colleagues found that the entire CPD slips into the open active site of Dpo4, wherein the 3¢-T serves as a template base. At the same time, the 3¢-T of the CPD forms WatsonCrick-type hydrogen bonds with the incoming ddATP. When the 5¢-T of the CPD is positioned opposite an incoming ddATP, the two entities form a Hoogsteen base pair, while the 3¢-T of the CPD maintains a normal Watson-Crick base pair with the opposite A residue in the primer DNA strand (Fig. 3) . The unusual Hoogsteen base pairing displayed by the 5¢-T and the incoming ddATP was not observed in NMR solution structures or 3-D crystal structures of the free CPD-containing DNA. Therefore, it appears that the Dpo4 specifies the Hoogsteen base pairing in order to facilitate the formation of the next phosphate bond. The structure of S. cerevisiae pol g and a DNA template with a CPD lesion was modeled on the basis of the Dpo4-CPD ternary complex structure. Features of this model suggested that pol g undergoes conformational changes that make contact with DNA favorable, a transition that may be important for efficient bypass (33) . These data also showed that the insertion of an A residue opposite the 3¢-T of a CPD lesion is based on the physical interactions between the template and the incoming dATP within the active site of pol g. This finding implies that CPD lesions are instructive with respect to Y-family polymerases.
The ternary crystal structure of the bacteriophage T7 DNA polymerase in complex with an incoming dNTP and CPDcontaining template DNA revealed that this high-fidelity replicative polymerase deals with CPD lesions via a mechanism that is distinct from the one used by the Y-family polymerases (34) . In the T7 structure, the active site of the enzyme was less plastic and thus displayed stricter template requirements than the Y-family polymerases. This property might be the basis for the DNA synthesis block that one observes when T7 DNA polymerase attempts to copy a DNA template that bears a lesion (34) . In the T7-CPD-ddATP ternary crystal structure, when the 3¢-T served as a template, the polymerase remained in an open, non-active conformation, and the base of the incoming ddATP did not bind to the active site (Fig. 3) . The conformation of the damaged DNA template and the incoming ddATP in the T7-CPD-ddATP crystal structure, in which nucleotide insertion opposite the 5¢-T of the CPD had occurred, was similar to the crystal structure of free doublestranded DNA that contained a CPD lesion; the 5¢-T formed a highly twisted base pair with the incoming ddATP (Fig. 3) . This contorted structure prohibits the protein from adopting an active conformation for the sequential nucleotide transfer, and consequently hinders lesion bypass.
The observed conformational differences of the DNA substrates with T7 and Dpo4 result from dissimilarities between the active sites of the two enzymes. The nature of the active site determines the local geometry of the template bases and the incoming dNTP, which then specifies whether or not a lesion can be bypassed (29) . These results imply that the enzyme is a major determinant for the processivity, bypass efficiency, and mutagenic properties of DNA synthesis reactions.
FLEXIBILITY FACILITATES DNA DAMAGE-SPECIFIC RECOGNITION
As we mentioned above, DNA damage caused by UV light has to be recognized and repaired in order for an organism to maintain its genomic integrity. One way to repair damage is to use a unique enzyme that is specific for a particular lesion. CPD photolyase, which is found in prokaryotes as well as higher plants, is an enzyme that uses the energy from blue or near-UV light to catalyze cleavage of the CPD cyclobutane ring and thus repair the CPD lesion (3). The 3-D crystal structure of a ternary complex between the CDP photolyase and a CPD-like DNA lesion revealed how this unusual chemical structure is recognized by the enzyme (35) . The CPD lesion was recognized specifically by the photolyase active site because the two nucleotides that form the lesion were completely flipped out of the duplex DNA; indeed, the duplex was bent about 50°at the damage site in the complex structure. The disruption of the two base pairs at the CPD lesion site and the partial unwinding of the duplex DNA created a large hole that allowed specific interactions to form between the protein and DNA.
Bacteriophage T4 endonuclease V also specifically recognizes CPD lesions and participates in the base excision repair (BER) pathway. In BER, a mismatched base is excised by a glycosylase, after which the resulting sugar phosphate is excised and the small gaps are filled in by the concerted efforts of DNA polymerases and DNA ligases. The 3-D crystal structure of a T4 endonuclease V-DNA complex showed that the DNA is distinctly bent near the site of the photodimer, and extensive polar interactions exist between the phosphate backbone of the DNA and the basic amino acid side-chains of the enzyme. Unlike the photolyase-CPD complex, there appeared to be no direct interactions between the enzyme and the bases of the photodimer, but one of the adenines opposite the 3¢-TT CPD was flipped out of the double helix and into a hydrophobic pocket in the enzyme (36) .
It is known that when a photolyase or T4 endonuclease V recognizes a CPD lesion in duplex DNA, the base pairing that exists between the two covalently bonded thymines and the opposing adenines before protein binding is lost upon base flipping, while the overall bending of the duplex is increased (Fig. 4) . The large degree of flexibility associated with CPDcontaining duplex DNA, which results from the presence of the lesion, is believed to allow the bending needed to accommodate protein recognition of the damaged DNA. The recognition process also might be facilitated if bending or kinking exists in the DNA before protein binding (18, 20, 35, 36) .
COMMON FEATURES OF DAMAGED DNA THAT SPUR THE NER RESPONSE
Because NER proteins must be able to recognize a variety of DNA lesion types from the vast amounts of undamaged DNA present in the genome, these versatile proteins require a finetuned damage recognition function. In particular, NER proteins that participate in global genomic repair (GGR)-a process that eliminates lesions from the entire genome-must accomplish precise damage recognition without any help from stalled RNA polymerase molecules, which act as markers for lesion recognition by the DNA repair machinery in transcription-coupled DNA repair (TCR). This challenge implies that damaged DNA must possess certain structural and ⁄ or dynamic features that initiate NER and allow it to be carried out efficiently.
Bacterial NER. The UvrABC nuclease complex, which performs NER in prokaryotic cells, displays different rates of incision with different kinds of UV lesions (9) . For example, (6-4) photoproducts and Dewar isomers are repaired faster by the UvrABC complex and have a higher binding affinity for the UvrA DNA damage recognition subunit than do CPDs (37) . Several attempts have been made to correlate the structural features of various kinds of lesion-containing DNA with the incision rate of the UvrABC complex. As mentioned above, the NMR structure of (6-4) ⁄ AA showed that base pairing and pi-stacking at the site of this photoproduct are disrupted, while the structure of DNA that contains a CS ⁄ AA is relatively unperturbed (25) . It has also been shown that (6-4) photoproducts induce more unwinding than do CPDs, and consequently, the thermal stabilities of duplex DNA that contains either the (6-4) photoproduct or the Dewar isomer are lower than that of a CPD-containing duplex (24, 38) .
Van Houten has summarized the characteristics of DNA lesions that permit damage recognition by UvrABC; these include: (1) damage in which adjacent nucleotides are covalently linked; (2) the presence of bulky substituents; (3) localized DNA unwinding; (4) DNA bending or kinking; (5) a change in the electrostatic charge distribution at the damage site; and (6) changes in the dynamic properties of DNA (39) . The large degree of structural disruption and thermal instability induced by (6-4) photoproducts or Dewar isomers could be responsible for their fast recognition and repair by the excinuclease system.
Because the values reported for bending angles in DNAcontaining lesions have differed depending on the experimental technique used and the sequence of the DNA tested (18, 20, 38) , the precise contribution of intrinsic DNA bending or kinking caused by the damage to lesion recognition has been difficult to assess. In one provocative study, NMR was used to compare the structures of a single DNA sequence that contained either a CS ⁄ AA, (6-4) ⁄ AA, or Dewar ⁄ AA lesion. The results of this study indicated that the amount of intrinsic bending in duplex DNA near to a site of damage correlates with the rates of repair by the UvrABC complex (28). Although we believe that intrinsic bending is not necessary for the recognition of lesions by UvrABC, it appears that the presence of an intrinsic bend in DNA substrates facilitates damage recognition.
The two damage recognition subunits of UvrABC, UvrA and UvrB, appear to use a bipartite damage recognition system. UvrA monitors the DNA helix for deformations, whereas UvrB uses its helicase fold and b-hairpin to make strong stacking interactions between aromatic amino acids and the damaged bases (40) . The ability of the UvrB helicase activity to bend and open the DNA helix could set the stage for insertion of the b-hairpin into the DNA helix at the site of the lesion (2) . Once the DNA is opened and the damage site is located, the nuclease-containing UvrC subunit can move in and carry out excision of the damaged nucleotide(s).
NER in eukaryotes. DNA damage recognition in eukaryotic NER is achieved by orchestration of the functions of two protein complexes, XPC-hHR23B and XPA-RPA. A recent review has discussed in detail how chemically diverse lesions are initially recognized by the eukaryotic NER system (41) . As with the E. coli UvrABC complex, XPC-hHR23B recognizes (6-4) photoproducts more efficiently than CPDs, which implies that the identification of CPDs requires additional factors (42) . The same characteristics of a DNA duplex that are important for damage recognition by UvrABC are favored by the eukaryotic NER system.
For example, a series of protein-DNA binding experiments using artificial DNA substrates has shown that the presence of a mismatched base opposite a CPD enhances the ability of XPC-hHR23B to bind to these lesions in vitro (42) . A possible structural explanation for these results was provided by an NMR study of DNA decamers that contained CS ⁄ GA and CS ⁄ GG lesions (cis-syn 3¢-TT dimer opposed by 5¢-GG), which have mismatched guanines opposite the thymines in the thymine dimers (22) . The structures of the CS ⁄ GA and CS ⁄ GG lesions showed that hydrogen bonds between the CPDs and the mismatched guanines are maintained, even though the stabilities of these bonds were decreased significantly. However, the helical bending, backbone conformations and sizes of the major and ⁄ or minor grooves in the CS ⁄ GA-and CS ⁄ GG-containing DNA duplexes differed from those of DNA duplexes that contained CPDs with matched adenines.
One of the most remarkable differences noted was the increased helical bending of the CS ⁄ GG-containing structure relative to the CPD-containing structure with matched adenines. The bending angle of the CS ⁄ GG-containing structure was similar to that of a duplex structure that contains photoproducts. On the basis of these results, it has been suggested that helical bending, backbone conformation and major and ⁄ or minor groove size might play a role in determining the binding affinity of XPC-hHR23B for DNA. A recent study showed that the presence of an unpaired region of DNA opposite a damage site in a DNA duplex is essential for efficient recognition of the lesion by XPC-hHR23B; this observation provides strong support for the notion that the flexibility of the DNA backbone and the extent of base-pairing influence the ability of XPC-hHR23B to recognize a DNA lesion (43) (Fig. 5) . The fact that XPC-hHR23B recognizes not only the actual site of DNA damage, but also unpaired regions of DNA, such as a small loop, implies that DNA damage must be detected first by XPC-hHR23B and then confirmed by other components of the repair system. In GGR, after XPC-hHR23B recognizes the helical distortion, transcription factor IIH (TFIIH, which consists of nine subunits), XPA (a possible homodimer), and replication protein A (RPA, which consists of three subunits) arrive sequentially at the site of the damage and constitute the pre-incision complex. The XPA-RPA complex has been shown to be responsible for the damage verification step of the repair process. DNA binding studies have revealed how the components of the XPA-RPA complex function together to bind to damaged DNA and verify the existence of a UV-induced lesion. The DNA binding domains of the RPA subunit were shown to bind Figure 6 . A model depicting the molecular mechanisms of damage recognition and verification in GGR. XPC-hHR23B first recognizes the site at which helical distortion is induced. A protein complex containing RPA, XPA and transcription factor IIH (TFIIH), which contains a helicase activity, may then be recruited to the suspected site of damage to verify the presence of a lesion. If there is a lesion (left), RPA binds specifically to the undamaged DNA strand, and XPA binds specifically to the damaged strand. The helicase activity of TFIIH then opens the DNA. The pre-incision complex containing the fully opened DNA would then be assembled. If there is no lesion (right), the strandspecific binding of RPA and XPA to DNA does not occur, and the NER process is aborted. This figure is reprinted from Lee, J. H., C. J. Park, A. I. Arunkumar, W. J. Chazin and B. S. Choi (2003) NMR study on the interaction between RPA and DNA decamer containing cis-syn cyclobutane pyrimidine dimer in the presence of XPA: implication for damage verification and strand-specific dual incision in nucleotide excision repair. Nucleic Acids Res. 31, 4747-4754. nonspecifically to both strands of a normal DNA duplex, with and without the DNA binding domain of the XPA subunit. However, for a CPD-containing DNA duplex, the DNA binding domain of RPA bound specifically to the undamaged strand, while the binding domain of the XPA subunit bound to the damaged strand (44, 45) . Thus, the strand-specific binding of RPA and XPA to a damaged duplex DNA, which is achieved by strand separation, is an important component of lesion verification in NER (Fig. 6 ).
SUMMARY
The structural characterization of UV photolesions in DNA has yielded a rich understanding of the mutagenic properties and repair mechanisms associated with the various types of DNA damage. The outcome of DNA synthesis around a lesion is determined by the nature of the DNA polymerase that participates in translesion replication. Also, the DNA lesions themselves appear to impart flexibility and structural distortions upon the DNA duplex that facilitate recognition of the lesion by the repair systems.
Structural studies that assessed the conformation of lesioncontaining DNA both in the free state and in complex with one of several DNA polymerases or with other components of the DNA repair machinery have elucidated the mechanisms by which specific repair proteins recognize the lesion and selected DNA polymerases either bypass the lesion or stall DNA synthesis at the site of the damage.
